Two distinct mechanisms for primordial germ cell (PGC) specification are observed within Bilatera: 11 early determination by maternal factors or late induction by zygotic cues. Here we investigate 12 the molecular basis for PGC specification in Nematostella, a representative pre-bilaterian animal 13
During development, animal embryos typically set aside a group of primordial germ cells (PGCs) 26 that later mature into germline stem cells (GSCs) and in turn give rise to gametes during 27 adulthood Sutasurya, 1979, 1981; Wylie, 1999; Juliano, Swartz and Wessel, 28 2010 ). The process of PGC specification both underpins the sexual reproduction cycle and 29 involves transitions of pluripotency, making the mechanisms that distinguish germ cells from 30 soma of critical importance in developmental and stem cell biology (Solana, 2013; Irie, Tang and 31 Azim Surani, 2014; Magnúsdóttir and Surani, 2014) . Comparative studies on germ cell 32 development have defined two common mechanisms of PGC specification among diverse 33 animals: preformation and epigenesis Sutasurya, 1979, 1981; Extavour and 34 Akam, 2003) . During PGC specification by preformation (e.g. Drosophila, C. elegans and Danio 35 rerio), cytoplasmic determinants referred to as the germ plasm are maternally deposited into 36 embryos and then segregated into specific blastomeres through cell division (Strome and Wood, 37 1982; Williamson and Lehmann, 1996; Yoon, Kawakami and Hopkins, 1997) . In contrast, there 38 are neither maternal germline determinants nor pre-determined PGC fates in specific 39 blastomeres in epigenic PGC specification. For example, BMP signaling is required for PGC 40 specification from precursor cells in mouse, axolotl, and cricket embryos (Lawson et al., 1999; 41 Chatfield et al., 2014; Nakamura and Extavour, 2016) . The epigenesis mode of PGC specification 42 is more prevalent across the animal kingdom, and therefore hypothesized to reflect mechanisms 43 present in the cnidarian-bilaterian common ancestor (Extavour and Akam, 2003) . However, to 44 date, no mechanistic studies of PGC specification in early branching animals have functionally 45 tested this hypothesis. 46 47 Cnidarians (jellyfish, sea anemones and corals) are the closest sister group to bilaterians and 48 occupy an ideal phylogenetic position for investigating likely developmental traits of the 49 eumetazoan common ancestor (Technau and Steele, 2011; Russell et al., 2017) . Among 50 cnidarians, the sea anemone Nematostella vectensis maintains distinct adult gonad tissue and 51 features PGC specification dynamics hypothesized to partially reflect ancient epigenesis based 52 on expression patterns of conserved germline genes (Extavour et al., 2005) . Additionally, a well-53 annotated genome (Putnam et al., 2007) , defined developmental stages (Fritzenwanker et al., 54 2007 ) and diverse genetic tools (Ikmi et al., 2014; Renfer and Technau, 2017; He et al., 2018; 55 Karabulut et al., 2019) make Nematostella a genetically tractable model to elucidate 56 developmental mechanisms controlling PGC specification. 57
58
In this study, we explore mechanisms of PGC development in Nematostella and test whether the 59 putative PGC clusters are specified by maternal or zygotic control. We first follow the 60 development of putative PGCs and provide evidence supporting their germ cell fate in adults. We 61 then leverage shRNA knockdown and CRISPR/Cas9 mutagenesis to interrogate the 62 developmental requirements for the Hedgehog signaling pathway in PGC specification. From 63 these results, we conclude that Hh signaling is either directly or indirectly required for PGC 64 specification in Nematostella. As Hh signaling is only activated zygotically, these data indicate an 65 epigenic mechanism for Nematostella PGC specification and support the inference that the 66 eumetazoan common ancestor specified PGCs via epigenesis. 67 68 69
Results

71
Evidence that PGCs form in primary polyps and migrate to gonad rudiments 72
73
The localized expression of the conserved germline genes vasa, nanos, and piwi suggest that 74
Nematostella PGCs arise within two cell clusters of the pharyngeal endomesoderm of primary 75 polyps ( Fig. 1, Fig. S1 ; Extavour et al., 2005; Praher et al., 2017) . To follow the development of 76 putative PGCs at higher spatio-temporal resolution, we generated a polyclonal antibody against 77
Nematostella Vasa2 (Vas2) and used immunohistochemistry and fluorescent in situ hybridization 78 to confirm that Vas2 was co-expressed with piwi1 and piwi2 in the putative PGC clusters (Fig. S1 79 E-L). Further supporting their germline identity, we also found that tudor was enriched in 80 putative PGC clusters (Fig. S1 M-P). To gain more detailed spatial information, we reconstructed 81 confocal z stack images in 3D and found that Vas2+ epithelial cell clusters were localized at 82 endomesodermal junctions where the pharyngeal endomesoderm connects to the primary 83 mesenteries ( Fig. 2B Williams, 1975; Frank and Bleakney, 1976 ). If the two Vas2+ epithelial cell clusters are the 87 only precursors for adult germ cells, it follows that these cells would have to delaminate and 88 migrate to populate the eight gonad rudiments. Alternatively, new PGCs could arise within each 89 of the six non-primary mesenteries, perhaps at a later developmental stage. To distinguish 90 between these possibilities, we examined the localization of Vas2-expressing putative PGCs in 91 primary polyps and later juvenile stages. In the majority of primary polyps, putative PGCs initially 92 appeared in two coherent clusters at 10 days-post-fertilization (dpf, Fig. 2B 
In older 93 primary polyps (>10 dpf), some PGC clusters cells appeared to stretch basally through the 94 underlying cell-free mesoglea ( Fig. 2C -C'). After feeding for more than a week, primary polyps 95 start adding tentacles and enter the juvenile stage. Interestingly, upon feeding, Vas2-expressing 96 putative PGCs appeared to delaminate from the epidermis into the underlying mesoglea ( Fig. 2D -97 D'). Delaminated Vas2 positive cells displayed a fibroblast-like morphology with filopodial 98 protrusions, similar to other migratory cell types (Fig. S3; Scarpa and Mayor, 2016) . Consistent 99 with migratory potential, Vas2+ cells also expressed twist ( Fig. S1Q -T), a conserved regulator of 100 mesoderm development and a marker of metastatic cancer cells (Yang et al., 2004; Kallergi et al., 101 2011) . 102
103
We next followed the localization of putative PGCs through successive developmental timepoints. 104
While specification of additional PGC clusters was not observed, we did find evidence for a 105 process of radial cell migration between mesenteries at the level of the aboral end of the pharynx, 106
where the mesoglea between ectoderm and endomesoderm increases in volume after the 107 primary polyp stage ( Fig. 2E -E'). The majority of 10 dpf primary polyps showed PGCs within 108 clusters, while >10 dpf primary polyps showed some PGCs localized between the primary 109 mesenteries and segment S1 ( Additionally, we found that putative PGCs migrated aborally from the clusters at the pharyngeal 113 level to the mesenteries, where gonad rudiments will mature in adults ( To assess the germline identity of putative PGCs, we next followed the development of Vas2+ 123 cells from juvenile stages to young adults (>2-months old). In maturing polyps, the 124 endomesodermal mesenteries are organized from proximal (external) to distal (internal) into 125 parietal muscles, retractor muscles, gonads and septal filaments, with occasionally observed 126 ciliated tracts between the gonads and septal filaments ( Fig. 4A -D, Fig. S2H ; Williams, 1979; 127 Jahnel, Walzl and Technau, 2014) . In juvenile polyps, Vas2+ cells were observed in the mesoglea 128 between the septal filaments and the retractor muscles ( Fig. 4C) , an endomesodermal region 129 that will later form adult gonad epidermis ( Fig. S2H ). We also occasionally observed putative PGCs 130 between the ciliated tracts and the retractor muscles ( Fig. 4D ). After feeding for 8 weeks, most 131 polyps reached the 12-tentacle stage and the mesenteries progressively matured, becoming 132 wider and thicker. At this stage we observed Vas2+ putative PGCs in the maturing gonad region, 133 along with Vas2+ immature oocytes or sperm cysts in females and males, respectively ( Fig Evidence supporting a zygotic mechanism for primordial germ cell specification 144 145 We next investigated whether developing Nematostella form PGCs by a maternal preformation 146 program or by a zygotically-driven epigenic process. In preformation, maternally-deposited 147 germline determinants are segregated into specific PGC precursors during early cleavage 148 Sutasurya, 1979, 1981; Extavour and Akam, 2003) . In Nematostella, prior to the 149 appearance of putative PGC clusters in developing polyps, we observed maternally-deposited 150 perinuclear Vas2 granules that could hypothetically serve as germline determinants (Fig. 1E ). 151
These granules were previously identified with an independent antibody and proposed to 152 Previous gene expression studies have suggested that the Hh signaling pathway may be involved 182 in patterning the endomesoderm and potentially the formation of germ cells (Matus et al., 2008) . 183
Using double fluorescent in situ hybridization to detect the expression of Nematostella 184 hedgehog1 (hh1) and its receptor patched (ptc) in late planula larvae, we found that both ligand 185 and receptor were expressed in reciprocal domains of ectoderm and endomesoderm associated 186 with the pharynx (Fig. 5A ). Later, the PGC clusters appeared within the endomesodermal ptc 187 expression domain, adjacent to where hh1 is expressed in the pharyngeal ectoderm ( Fig. 5B-D) . 188
Because PGCs formed in association with the juxtaposed hh1 and ptc expression domains, we 189 hypothesized that Hh signaling may direct neighboring endomesodermal cells to assume PGC 190 identity ( Fig. 5E) . number showed no significant difference when the pathway is inhibited after specification (Fig. 212 S8B, compare Ctrl-Ctrl and Ctrl-GDC). Furthermore, when we compared no-inhibition, 213 continuous-inhibition and released-from-inhibition conditions (Fig. S8B , compare Ctrl-Ctrl, GDC-214 GDC and GDC-Ctrl), PGC numbers did not vary significantly. These observations suggest that even 215 though initial PGC formation is Hh dependent, the PGC population can be dynamically 216 replenished, potentially through cell proliferation. Additionally, we did not observe PGC 217 migration defects in different combinations of GDC-0449 treatments. At 12 dpf we found that 218 half of treated polyps still showed the expected PGC migration away from the clusters (18 of 29 219 in Ctrl-Ctrl; 18 of 30 in Ctrl-GDC; 19 of 30 in GDC-GDC; 16 of 30 in GDC-Ctrl). Therefore, Hh 220 signaling is not likely to be involved in PGC migration after their initial specification. These efforts generated two F1 heterozygous frame-shift lines (a -1 nucleotide frameshift in 228 hh1 D1 /+ and a +2 nucleotide frameshift in hh1 +2 /+; see Materials and Methods). In F2 progeny 229 resulting from crosses between heterozygous F1 siblings, we observed developmental defects in 230 primary polyps wherein body length was reduced by approximately 50% and the four primary 231 tentacles failed to elongate and partially fused together ( Fig. 7B-C' ). Consistent with a defect in 232
Hh signal transduction, homozygous mutants expressed lower levels of ptc, a conserved Hh 233 pathway target gene ( Fig. 7D-E') . 234 235 Primary polyps homozygous for either hh1 mutant allele developed primary mesentery-like 236 endomesodermal septa; however, we did not observe Vas2, piwi1 or tudor expressing PGC-like 237 cluster cells ( Fig. 7A-I') . Morphological analysis revealed abnormal internal tissue patterning in 238 hh1 homozygous mutants. The developing pharynx and primary septal filaments are normally 239 connected to body wall ectoderm via endomesodermal tissue ( Fig. 8A-A') . In contrast, in hh1 240 mutants part of the pharynx and the primary septal filaments were in direct contact with the 241 ectoderm without endomesodermal tissue in between ( Fig. 8B-B') . As a result, the eight 242 segments of the larval body plan were abnormally segregated into groups of three and five 243 segments by the pharynx (Fig. 8B-B') . These strong endomesodermal patterning defects were not 244 observed in hh1 and gli3 shRNA knockdowns, suggesting PGC formation may require a higher 245 level of Hh signaling activity than endomesoderm patterning. The primary polyp-like hh1 246 homozygous mutants passed through gastrulation, suggesting that the pharynx and the 247 endomesoderm likely formed a continuous epithelium ( Fig. 7B' and C') . Consistent with the 248 hypothesis that a pharyngeal signal induces PGC development, hh1 mutants failed to develop 249
PGCs even though the pharynx associated with the endomesoderm. Nevertheless, without more 250 sophisticated genetic tools, we cannot rule out the possibility that PGC formation was indirectly 251 perturbed by Hh-dependent endomesodermal patterning defects. In either case, we conclude 252 that zygotic signaling activity is required for specification of the putative PGC clusters. In bilaterian model systems, Ptc has been shown to serve as a receptor for the Hh ligand and to 258 inhibit the pathway when the ligand is absent (Johnson, Milenkovic and Scott, 2000) . To further 259 interrogate the mechanism of PGC specification in Nematostella, we generated two ptc 260 heterozygous mutant lines (a -2 nucleotide frameshift in ptc D2 /+ and a -20 nucleotide frameshift 261 in ptc D20 /+, see Materials and Methods). Crosses between ptc D2 /+ or ptc D20 /+ heterozygous 262 siblings resulted in the expected 25% of homozygous progeny by genotyping, and these 263 developed into abnormal mushroom-shaped polyps which lacked the four primary tentacles 264 ( Fig. 8C-D) . Detailed morphological examination and Vas2 immunofluorescence revealed that 265 the ptc homozygous mutants developed a pharynx, eight endomesoderm mesenteries, and two 266 PGC clusters ( Fig. 8D-E an epigenic mechanism to specify PGC fate, which is consistent with the proposed ancestral 279 mechanism for metazoan PGC specification (Extavour and Akam, 2003) . It remains possible that 280 maternally inherited germline determinants still play some essential role in PGC specification and 281 that zygotic Hh activity serves to augment their function. In this combined maternal-zygotic 282 scenario, the mechanism of Nematostella PGC formation would not neatly fit within either 283 preformation or epigenesis and instead fall within the continuum between either extreme, 284 similar to sea urchin PGCs (Seervai and Wessel, 2013) . 285 286
Hh pathway activity in ptc mutants 287
In many bilaterian model organisms ptc is a transcriptional target of Hh signaling and serves as 288 both a receptor and negative regulator of pathway activity (Briscoe and Thérond, 2013; Bangs 289 and Anderson, 2017). We sought to functionally dissect Hh signaling in Nematostella and 290 leveraged CRISPR/Cas9 mutagenesis to generate both hh1 and ptc mutants. While hh1 mutants 291 lacked putative PGC cell clusters (Fig. 7) , to our surprise these cells formed properly in ptc mutant 292 animals ( Fig. 8 ). This finding could be consistent with three possible scenarios: 1) The existence 293 of residual receptor activity due to allele-specific effects or potential redundancy with an 294 unannotated orthologue elsewhere in the genome; 2) An indirect role for Hh in PGC specification; 295
3) A default repressive role for Ptc in the specification of pre-patterned PGC clusters. Because 296 inhibiting Hh activity by disrupting either Smo or gli3 also disrupted PGC formation, we suggest 297 that ptc most likely serves as a default inhibitor of Hh activity in Nematostella. Based on our 298 combined data, we propose that the pharyngeal ectoderm releases Hh ligand to inhibit Ptc-299 dependent repression of PGC fate in neighboring endomesoderm. This reasoning would suggest 300 that the PGC clusters are pre-patterned by other yet-identified extracellular signals, and that the 301 role of Hh activity may be to provide a spatial or temporal cue to trigger their maturation. 302 303
Direct versus indirect roles for Hh activity in PGC specification 304
To our knowledge, Hh signaling has not been directly implicated in PGC specification in previous 305 studies of established bilaterian systems. Nevertheless, a requirement for Hh signaling during 306
Nematostella PGC formation is supported by three lines of evidence: 1) hh1 and gli3 shRNA 307 knockdowns (Fig. 5) ; 2) Smo inhibition assays (Fig. 6) ; and 3) hh1 and gli3 CRISPR/Cas9 308 mutagenesis (Fig. 7) . In developing primary mesenteries, PGCs are specified in endomesoderm 309 cells that lie in close proximity to the hh1 expression domain in adjacent pharyngeal ectoderm 310 (Fig. 5 ). Even in the absence of primary mesenteries in Anthox6a mutants and Gbx knockdown 311 juveniles ( Fig. S7; He et al., 2018) , PGCs still develop from endomesodermal cells in proximity to 312 hh1-expressing ectodermal septal filament cells. Interestingly, while hh1 expression seems to be 313 restricted to the pharyngeal ectoderm and septal filaments, we observed broad 314 endomesodermal patterning defects in hh1 mutants (Fig. 8) . This phenotype was not seen in 315 either knockdown experiments or inhibitor assays where PGC specification was nevertheless 316 inhibited ( Fig. 5 and Fig. 6 ). This could suggest that the PGC defects in hh1 mutants are not an 317 indirect result of aberrant endomesodermal patterning. Still, looking forward, genetic tools that 318 allow the discrimination between cell autonomous and cell non-autonomous genetic 319 requirements will be required to definitively rule out whether PGC formation is directly or 320 indirectly regulated by Hh signaling. 321 322
Future perspectives: 323
In this report, we provide an initial framework demonstrating an epigenic PGC formation 324 mechanism in Nematostella vectensis, a representative early-branching animal. Because Hh 325 signaling components are found in choanoflagellates and the Hh pathway dictates neighbor cell 326 fates throughout developing metazoans (Adamska et al., 2007; King et al., 2008) , it remains 327 possible that this pathway distinguishes germline and soma in other animals as well. 328
Alternatively, the requirement for Hh signaling in Nematostella PGC formation could be a 329 lineage-specific feature of sea anemones, which could be addressed through a broad sampling 330 of PGC development in diverse anthozoan cnidarians. 331
Materials and methods
333
Animal husbandry 334
Maintenance and spawning of N. vectensis followed previously established protocols (Stefanik, 335 Friedman and Finnerty, 2013 Whole-mount fluorescent in situ hybridization (FISH) 367
To clone target genes, purified total RNA was reverse transcribed into cDNA by ImProm-II™ 368
Reverse Transcription System (Promega; Madison, WI; Cat. No. A3800). Target gene fragments 369
were first amplified from a mixed cDNA library of planula larva and primary polyps. Primers are 370 listed in Table S1 . We adopted a ligation-independent pPR-T4P cloning method (Newmark et al., 371 2003) to generate plasmids with probe templates and confirmed the positive clones by 372 sequencing. We then PCR amplified the DNA template fragments using the AA18 373 (CCACCGGTTCCATGGCTAGC) and PR244 (GGCCCCAAGGGGTTATGTGG) primers, which flank the 374 T7 promoter and the target gene sequence. was annealed with a 20nt T7 promoter primer (TAATACGACTCACTATAGGG). The annealed, 394
partially double stranded DNA directly served as template for in vitro transcription. We tested 395 knockdown efficiency with shRNA produced by this modified method by targeting β-catenin 396 and dpp shRNA, and found the same phenotypic penetrance as the previous method (He et al., 397 2018; Karabulut et al., 2019) . To control for shRNA toxicity, we injected 1000 ng/µL eGFP shRNA 398 and did not observe noticeable developmental defects. All shRNA working solutions were 399 prepared at 1000 ng/µL and the sequences are listed in Table S2 . By 8 dpf, primary polyps were 400 fixed to assay PGC development. 401 402 403
Generation of mutant lines by CRISPR/Cas9 mutagenesis 404 hh1 and ptc mutant lines were generated using established methods (He et al., 2018) . In brief, 405
to generate F0 founders, we co-injected 500ng/µl of gRNA (sequences listed in Table S3 ) 406 and 500ng/µl of SpCas9 protein into unfertilized eggs. Mosaic F0 founders were then crossed 407 with wild-type sperm or eggs to create a heterozygous F1 population. When the F1 polyps 408 reached juvenile stage, we genotyped individual polyps by cutting tentacle samples; resultant 409
alleles are as described in Table S4 . Heterozygous carriers of insertion/deletion-induced frame-410
shift alleles were crossed to generate homozygous mutants. The phenotypes and genotypes of 411 this F2 population followed mendelian inheritance and were subjected to further analysis. In 412 progeny resulting from a hh1 D1 /+ cross, the observed phenotypic ratio of wild-type and mutant 413 primary polyps was 948:343, close to the expected mendelian ratio. Progeny from 414 heterozygous crosses were also randomly genotyped and confirmed to follow the expected 415 1:2:1 ratio (+/+: hh1 D1 /+ : hh1 D1 /hh1 D1 = 6:14:8 and +/+: hh1 +2 /+: hh1 +2 /hh1 +2 = 7:16:6). A 416 similar strategy was used to analyze ptc mutants. ptc mutant genotypes also followed 417 mendelian segregation (+/+: ptc D2 /+: ptc D2 /ptc D2 = 5:17:8; (+/+: ptc D20 /+: ptc D20 /ptc D20 = 418 7:12:11). These results suggest the phenotypes observed in the hh1 and ptc mutant lines result 419 from single locus mutations. 420 421 422
Inhibitor The frames correspond to the green dot-labeled oocyte of Supplementary MOV. 2, 13:00 to 15:00. Hh signaling inhibitor GDC-0449 treatments: 4 to 8 dpf larvae were tested for PGC specification, and 8 to 12 dpf polyps were tested for PGC behaviors post-specification. Ctrl: DMSO treatment.
